The important role that competition plays in structuring communities is well documented; however, the role of competition in an evolutionary context remains unclear. Evolutionary investigations into the role of competition have often focused on the process of character displacement, and a good example of this is the evolution of body size in the Anolis lizards of the Caribbean islands. Previous work on the A. roquet species group has taken a phylogenetic approach and concluded that patterns of body size differences are not caused by character displacement but are a result of size assortment. Using a phylogenetic reconstruction based on the sequence of the cytochrome b gene ( cyt-b ) and ancestral character-state reconstruction methods, we investigated the roles of character displacement and size assortment. Our results indicated that size assortment alone was insufficient to explain the observed patterns of body size differences. Furthermore, we found that change in body size was associated with a change in allopatry/sympatry, thus supporting the characterdisplacement hypothesis. We conclude that patterns of body size differences in the A. roquet species group appear to be the result of a combination of character displacement and size assortment because character displacement was only found to be possible on three occasions.
Introduction
Many ecological studies demonstrate the important role that competition plays in structuring communities (Schoener 1983; Gurevitch et al . 1992) . However, the role of competition in an evolutionary context remains unclear (Taper & Case 1992; Schluter 1996) . Evolutionary investigations into the role of competition have often focused on the process of character displacement, i.e. the joint evolution of morphological character differences caused by competition between species. The major taxa studied were British mustelids (Dayan & Simberloff 1994) , geospizine finches of the Galapagos (Schluter 1988) , whiptail lizards from the islands of the sea of Cortez (Radtkey et al . 1997 ) , sticklebacks (Schluter & McPhail 1992) and, in particular, the Anolis lizards of the Caribbean islands (Schoener 1969; Williams 1972; Losos 1990; Miles & Dunham 1996) .
Island Caribbean Anolis lizards have previously been used as a model system for demonstrating the existence of character displacement (Williams 1972) . The utility of anoles is based on the patterns of body size differences that consistently vary with the number of competing species (Schoener 1970) . Two processes have been suggested that could have produced such patterns: (i) size adjustment (or character displacement), i.e. when species of similar size colonize an island and evolve in opposite directions in sympatry to minimize competition for resources; and (ii) size assortment, i.e. as a result of either competitive exclusion or interbreeding, only species that are dissimilar in body size can successfully colonize and co-exist on the same island.
Early work on Anolis implicated interspecific competition as the force behind the adaptive radiation for both the northern bimaculatus group and the southern roquet group (Schoener 1970; Williams 1972) . However, these studies only took information from current ecological conditions and hence were not able to demonstrate that competition had operated in the past. Losos (1990) recognized the shortcomings of this type of analysis and the simple fact that species and populations do not appear de novo , shaped only by current ecological conditions; rather they have a history of evolution (Felsenstein 1985a) . Consequently, Losos (1990) performed a phylogenetic analysis of character displacement for Caribbean Anolis lizards. For the roquet group (Fig. 1) , which we are concerned with, Losos (1990) rejected character displacement and stated that 'size adjustment cannot be demonstrated regardless of how the polytomies are resolved'. Losos (1990) concluded that size assortment alone was responsible for the pattern of body size differences in the roquet group.
In this study we also adopted a phylogenetic approach to investigate the role of competition (character displacement and size assortment) in the evolution of body size for the roquet group. However, our study differs from that of Losos (1990) as we used a different, resolved phylogenetic tree. We then used ancestral character-state reconstruction methods to study the nature of the ancestordescendent relationship in body size. This reconstruction allowed us to test hypotheses that are not possible to test with data from extant taxa alone.
Materials and methods

Sampling
Samples for each species of the roquet group were obtained from the species distributions given in Schwartz & Henderson (1991) and shown in Fig. 1 . Tail-tip biopsies were taken and stored individually in 70% ethanol.
DNA preparation, polymerase chain reaction amplification and sequencing
DNA was extracted using the protocol of Maniatis et al . (1989) . A segment of cytochrome b ( cyt-b ) mitochondrial DNA (mtDNA) was then amplified using the primers MVZ166 (Moritz et al . 1992 ) and H15149 (Kocher et al . 1989) . The cycling parameters used were as follows: denaturation at 94 ° C for 45 s, annealing at 50 ° C for 30 s and extension at 72 ° C for 1 min 30 s. Polymerase chain reaction (PCR) products were purified using the Wizard® PCR purification system, following the manufacturer's instructions (Promega). This segment of mtDNA was then sequenced directly using BigDye Terminator cycle sequencing and sequence was determined by using an automated sequencer (Applied Biosystems 377), following the manufacturer's protocols. Two individuals were sequenced per species.
Phylogenetic analyses
Sequences were aligned manually, and paup *, version 4.0b2a (Swofford 1998) , was used to assess levels of pairwise nucleotide variation and to determine nucleotide composition for each taxon. Nucleotide saturation was assessed at each codon position by plotting numbers of transitions and transversions against p-distance (plots not shown). All phylogenetic analyses were executed using paup *, version 4.0b2a.
Both character-based and distance-based methods were used to reconstruct phylogenies because the application of different methods allows the consistency of phylogenetic estimation to be evaluated (Avise 1994) . Phylogenetic trees were reconstructed using maximum-parsimony (MP; Swofford & Olsen 1990), maximum-likelihood (ML; Felsenstein 1981 ) and neighbour-joining (NJ; Saitou & Nei 1987 ) methods. In the MP analysis the heuristic search algorithm was used and employed 10 random addition orders of taxa and tree bisection-reconstruction (TBR) branch swapping (without the steepest descent option). The random addition of sequences increases the effectiveness of heuristic searches as they decrease the chance that a search will find suboptimal trees in 'tree islands' other than those containing the most-parsimonious trees (Maddison 1991) . ML analyses were performed using heuristic searches with the 2ST (HKY) model, with all available parameters estimated from the data. The NJ method, employing the Kimura 2-parameter model (Kimura 1980) , was used to reconstruct distance-based trees. The reliability of the trees produced by all phylogenetic reconstructions was tested by bootstrap analysis (Felsenstein 1985b ) with 1000 replications.
The Wilcoxon signed-rank test (Templeton 1983 ) was applied to examine statistical significance of the best tree produced by each tree reconstruction method relative to the phylogenetic hypothesis of Yang et al . (1974) .
Body size reconstruction
Snout-vent length (SVL) was used to represent body size and was treated as a continuous character on all unique topologies. The maximum recorded SVL for each species was taken from Schwartz & Henderson (1991) in order to reduce the confounding effects of age distribution (Case & Schwaner 1993) . Two approaches are available for optimizing the evolution of continuous character states on phylogenies: parsimony -linear or squared change (Maddison & Maddison 1992 ) -and ML (Schluter et al . 1997 ) . Linear parsimony seeks to minimize the total amount of evolutionary change and only considers the three closest nodes in order to calculate the ancestral state. This produces character-state reconstructions that infer changes on a few or single branches. This is particularly appropriate for our purposes given that the imprint of character displacement on a phylogenetic tree will appear as a single change along a branch, owing to a change in the competitive environment (Radtkey et al . 1997 ) . Furthermore, parsimony reconstruction performs best when character change is 'rare' (Zhang & Nei 1997 ) , i.e. only a single transition occurs between any two states. Given that body size evolution in Anolis lizards is believed to be rare (Losos 1990 ), parsimony reconstruction is appropriate. Unfortunately, existing maximum-parsimony methods do not allow quantification of uncertainty in the character reconstruction (Schluter et al . 1997 ) . Conversely, accuracy of ancestor-reconstruction estimates can be quantified using likelihood methods (Schluter et al . 1997 ). Yet, because ML ancestor-state reconstruction minimizes the sum of squared changes along all branches across the entire tree simultaneously (Schluter et al . 1997 ) , this could spread change that may have occurred on a single branch (such as character displacement) across two or more branches (Radtkey et al . 1997 ) . Therefore, we used the linear-parsimony approach as it provides better resolution of changes that occur on single branches. For some nodes, ambiguous values were generated. Thus, we present the results from two scenarios. In one scenario, we use the minimum values from each node, but in the other we use the maximum values from each node.
A change in competitive environment is taken as a change in the historical allopatry/sympatry condition of all taxa. However, this must also be inferred owing to the lack of a detailed anole fossil record in the southern Caribbean (Roughgarden 1995) . Linear parsimony was used to infer the allopatry/sympatry state of a node with the ancestral node fixed to be effectively allopatric. Again, ambiguous nodes were generated for some nodes, hence we present all possible scenarios.
All ancestral values were computed with macclade , version 3.0 (Maddison & Maddison 1992) , using all unique topologies. This resulted in the use of two topologies. The first was generated from the MP and NJ tree, the second from the ML tree.
Phylogenetic test for character displacement
A phylogenetic test for character displacement asks the question: Do nodes experiencing a change in the allopatry/ sympatry condition experience a greater change in body size relative to those nodes experiencing no change in the allopatry/sympatry condition? Using the inferred ancestral body sizes and inferred allopatry/sympatry condition, a simple statistical procedure to test this question proceeds as follows: (i) calculate the absolute differences in body size between nodes experiencing a change in the allopatry/ sympatry condition; (ii) calculate the absolute differences in body size between nodes experiencing no change in the allopatry/sympatry condition; and (iii) perform a one-tailed t -test (or Mann-Whitney U -test) on the two columns of data (this test is one-tailed because there is an a priori prediction that the body size differences between nodes experiencing a change in the allopatry/sympatry condition would be greater than those between nodes experiencing no change).
Using the MP/NJ topology, the ML topology, and the different reconstructions of body size and the allopatry/ sympatry condition, a total of eight different models were produced to investigate size change with an evolutionary transition in the allopatry/sympatry condition.
Phylogenetic test for size assortment
Using the minimum amount of evolution expected from size assortment, it is possible to generate alternative phylogenetic hypotheses to those presented in Fig. 2 . Such a minimum-evolution hypothesis is shown in Fig. 3, where species of the three size classes (small, medium and large) are constrained to form three monophyletic clades. Assuming a medium-sized ancestor, the topology shown generates the least amount of change required to explain the distribution of body sizes across all extant species. A parsimony analysis on the sequence data, given the topological constraints shown in Fig. 3 , generated the actual tree used for comparison with the mostparsimonious tree free of constraints (Fig. 2) . A Wilcoxon signed-ranks test (Templeton 1983 ) was then applied to examine if one tree was significantly better than the other.
Results
Sequence analysis
Five hundred and forty-three bases of sequence information were obtained from the PCR product of cyt-b for each of two samples for each species. For all individuals the two sequences were identical (GenBank accession nos: AF186757-AF186765). The sequences were all aligned against the sequence of Anolis marmoratus (Thorpe & Malhotra 1996) by eye. One hundred and eighty-six sites were found to be variable and, of these, 102 were parsimony informative.
The base composition of the cyt-b sequences obtained were typical of sequences obtained from other taxa (average overall nucleotide frequencies: A = 28.9, T = 32.3, C = 24.8, G = 13.9). The low overall frequency of guanine was comparable to that found in cranes (Krajewski & King 1996) and chickens (Desjardins & Morais 1990 ). The first codon position was relatively homogeneous, whilst the second position favoured thymine and the third position showed a very strong bias against guanine. The number of studies that have detected copies of cyt-b inserted into the nuclear genome have increased markedly (Zhang & Hewitt 1996) , but we are confident that our sequences represent the expressed, mitochondrial, sequence. Amplification and sequencing results were unambiguous and sequences from several, independently amplified products, sequenced in both directions, always gave the same sequence. Furthermore, all sequences were translated into amino acid sequences to check for the occurrence of stop codons, which may indicate that pseudogenes have been amplified (Zhang & Hewitt 1996) .
As with the cyt-b sequences of other taxa, transitions were found to be more common than transversions (Gleasen et al . 1997 ) . Levels of saturation of transitions and transversions at all codon positions were examined by plotting the number of each type of base pair (bp) change for each pair of species against the uncorrected p -distance (plots not shown). Both transitional and transversional changes remained linear at all codon positions across all levels of divergence (determined by eye). Hence, all positions were equally weighted and utilized for the phylogenetic analysis.
Phylogenetic relationships
Trees were rooted using A. oculatus as the outgroup. Tree reconstructions, with bootstrap values (1000 replications) as appropriate, are shown in Fig. 2 . A single mostparsimonious tree (length = 277 ) was produced with a consistency index of 0.841, a retention index of 0.782 and a homoplasy index of 0.159.
The MP and NJ phylogenetic trees produced were topographically identical, producing two major clades ( Fig. 2A) . Bootstrap support was high for the majority of nodes across the phylogeny, except for the A. luciae and A. bonairensis group. The ML tree also recovered two major clades. However, the relationships within the A. luciae , A. bonairensis , A. richardi and A. griseus clade were slightly different (Fig. 2B) . Using Templeton's test, no significant differences were found between the two topologies (tree length = 278, P = 0.655). Hence, a variety of different tree-building methods produce congruent trees, thereby providing strong support for the phylogenetic relationships presented. Furthermore, using Templeton's test to compare our topologies with that proposed by Yang et al . (1974) , the MP/NJ topology was found to differ significantly (tree length = 330, P < 0.001) as did the ML tree (tree length = 330, P < 0.001). Figure 4 shows the results of the linear parsimony reconstruction of body size and the inferred changes of allopatry/sympatry. Body size evolution within the roquet group appeared to be rather more frequent than has previously been suggested, with 50% of the reconstructed nodes experiencing substantial size evolution (Fig. 4) . Furthermore, an increase in body size appeared to be more common across all models (64%) than a decrease in body size (36%). Finally, using the maximum ancestral values for all scenarios produced a 'medium'-sized ancestor to the roquet group. However, if the minimum ancestral values were used, the ancestor for the group was considered 'small'.
Body size reconstruction
Phylogenetic test for character displacement
All of the eight ancestor reconstructions showed that when taxa moved from a single-species island to a twospecies island, a greater change in body size was observed compared to when there was no change in the taxa's allopatry/sympatry condition (Table 1) . However, six of the eight models considered failed to show this relationship to be statistically significant (Table 1) . This result appears to be attributable to the large variation shown by the estimates (Table 1) .
Phylogenetic test for size assortment
The alternative phylogenetic hypothesis shown in Fig. 3 was generated by using the minimum amount of evolution expected from size assortment. Comparison of this tree with the MP/NJ topology (Fig. 2) showed that the minimum-evolution hypothesis was significantly worse than the most-parsimonious tree (tree length = 212 vs. 185, P < 0.001). This indicates that size assortment by itself is not sufficient to explain the evolution of body size in the roquet group.
Discussion
In order to show that a process has been evolutionarily significant, it is essential to demonstrate that the process operated in the past. This necessitates a historical approach such as that offered by phylogenetic reconstruction (Avise 1994) . In many instances, it is also essential to know something about the ancestor-descendent relationship and the nature of character change along a phylogeny (Maddison 1990 ), something that is only possible with ancestor character-state reconstruction. Furthermore, a well-corroborated phylogenetic hypothesis (Felsenstein 1985a ) and a relevant pattern in extant taxa (in sufficient numbers to allow hypothesis testing) is also needed. These prerequisites may be why considerable uncertainty still remains over the importance of competition (in particular character displacement) as an evolutionary process (Taper & Case 1992; Schluter 1996) .
The new phylogenetic trees that we present for the Anolis roquet group fulfil these requirements, offering an excellent opportunity to retest the roles of character displacement and size assortment in the roquet group. The trees we present differ significantly from the one used by Losos (1990) to previously investigate the evolution of body size in the roquet group. The principal difference is that the two small species ( A. trinitatis and A. aeneus ) and the two large species ( A. griseus and A. richardi ) are sister taxa and that the tree is fully resolved. Using the phylogenies and associated reconstruction of ancestral body The analysis of size assortment (Fig. 3) indicates that size assortment alone is insufficient to explain the observed patterns of body size differences in the roquet group. Furthermore, although size assortment is essentially an ecological process (Losos 1990 ), a phylogenetic perspective is useful as it reveals that sister taxa tend to have similar body sizes and occur on different islands. Such patterns between taxa are indicative of allopatric, or between-island, diversification (Losos 1996) , a scenario consistent with the size-assortment process, but not with that of character displacement. Hence, we believe that although size assortment alone is not a sufficient explanation for body size patterns, we suggest that size assortment has influenced the patterns observed in extant taxa.
Two mechanisms have been postulated as the cause of size assortment in the roquet group (Gorman & Kim 1976; Losos 1990 ): competitive exclusion and interbreeding. We favour the competitive-exclusion hypothesis because interspecific competition is important in present-day communities and similar-sized Anolis compete more than Anolis dissimilar in size. The evidence for competition is supported by the experimental work of Roughgarden and colleagues (Pacala & Roughgarden 1982 Rummel & Roughgarden 1985) who introduced different combinations of Anolis species into enclosures or cays. They found that species of similar size altered their resource use when sympatric, and did less well than the control (Pacala & Roughgarden 1985) . Specifically, both sexes experienced a reduction in growth rate, the amount of egg material in females from the treatment was less than in females from the control and changes in perch height were also observed. Similar experiments were then performed on the island of St. Eustatius using species dissimilar in size and ecology (Pacala & Roughgarden 1985; Ricklefs 1987 ) , and this time no differences between the treatment and control groups were found. Taken together, these experiments strongly suggest that the strength of competition between Anolis species is dependent on the size differences between the species involved.
For a number of reasons, we are not convinced of the alternative explanation of size assortment by hybridization Table 1 Size change associated with a change in the allopatry/sympatry condition for the eight models represented in Fig. 4(A-F of resident species with invading colonists. First, this explanation invokes a lack of reproductive isolation between well-defined species. Second, we have shown that on St. Lucia, when a nonendemic species of similar body size has been introduced, both species retain their integrity and there is no evidence of hybridization between the resident and introduced species (Giannasi et al. 1997 ) .
As size assortment alone is not sufficient to explain the patterns of body size differences, what is the role of character displacement? The body size reconstructions indicate that substantial size evolution has occurred, with an increase in body size being more common than a decrease in size. Moreover, our findings statistically support the hypothesis that character displacement has occurred within the roquet group, in contrast to the findings of Losos (1990) . However, character displacement itself is a rather rare event, potentially occurring only three times. Nevertheless, this result is important because few cases exist where character displacement has been demonstrated (but see Radtkey et al. 1997 ) .
The differences between our study and that of Losos (1990) , concerning character displacement, deserve attention. For a number of reasons, we are not surprised that the results of our study differ. First, we used a different, resolved phylogeny for reconstructing ancestral body size. Second, we used linear parsimony to reconstruct body size whereas Losos (1990) used squared-change parsimony. As squared-change parsimony seeks to minimize the amount of squared change across the entire tree simultaneously, this does not necessarily minimize the absolute amount of evolution, and indeed forces change along most branches. Furthermore, as previously explained, the linear-parsimony approach provides better resolution of changes that occur on single branches and is therefore more appropriate for investigating character displacement (Radtkey et al. 1997 ) . Losos (1990) justified the use of squared-change parsimony because it produced unambiguous results compared with linear parsimony, which often finds numerous equally parsimonious solutions (Swofford & Maddison 1987 ) . However, because it is not yet practical to calculate error rates for parsimony character reconstructions (Schluter et al. 1997 ) , we believe that it is desirable to offer an indication of the uncertainty of such reconstructions. Examining alternative equally parsimonious solutions offers such an indication.
Our results are based on ancestral reconstructions using a minimal evolution approach. This is open to criticism because body size evolution may be more frequent than we assume as, in many species, additive genetic variation exists for body size (Falconer 1981) , which is generally a relatively labile character, evolutionarily . Furthermore, ancestral reconstruction approaches may also be criticised as estimates are often based on relatively little data. However, in response to the first point, we make no assumptions about how evolutionarily labile body size is, and we defend the use of ancestor reconstructions because no fossil data exists for any anoles of the roquet group (Roughgarden 1995) .
We conclude that our study provides valuable insights into the evolution of body size in the roquet group that would not have been possible without a phylogenetic approach. Our analysis suggests that a combination of size assortment and character displacement appears to be responsible for the patterns of body size differences currently observed in extant taxa. This is important, as it is one of few studies to demonstrate that competition can have a role in the evolution of species.
